In order to presume whether the metal iodides are formed in the corrosive environments of the Magnesium-Iodine cycle proposed to make hydrogen by thermochemical process, thermodynamic treatment of the gas-metal system was conducted.
Introduction
Several metals and alloys were exposed at high temperature to some kinds of gas mixtures, which were composed of some of iodine, hydrogen iodide, oxygen, water vapor, and hydrogen, in the series of screening tests by the authors ' and other investigators2),3) to select candidate materials for the equipments of Magnesium-Iodine (Mg-I) cycle of thermochemical hydrogen production process.
Corrosion products of the metallic materials tested in the above environments were oxides in almost all cases except in the tests of copper and silver. As iodides of metals are often very volatile and/or have low melting point, there exists possibility that vaporization or melting away of metal iodides proceeded in the test. Even if metal iodides are not formed in the test environments, change of gas composition will influence the corrosion behavior of metallic materials and may bring about the iodide formation.
In case iodides are formed instead of oxides, corrosion rates will remarkably increase, for iodides are much less protective than oxides because of their high volatility, low melting-point, deliquescence and high self diffusion coefcient4). Thus, in order to determine the equipment materials for each reaction stage and transportating stage between reaction stages, where the gas composition may be different locally, we should be able to predict whether the gas composition change may bring about a serious effect, such as unexpected formation of metal iodides.
It is therefore useful to presume whether the degradation of metals by iodine attack is effectively inhibited by oxygen in a given composition at given temperature.
It is necessary to consider thermodynamic treatment at first, so this paper will be concerned with the thermodynamic approach based on equilibrium among various molecular species * Study on Construction Materials for the Magnesium-Iodine Cycle of Thermochemical Hydrogen Production Process (Part 6) ** 1-1, Higashi, Yatabe-machi, Tsukuba, Ibaraki, 305 Japan in the gas mixtures.
Phase stability diagram of metal
Thermodynamics of product-phase stability for metals is depicted by the so-called "phase stability diagram", which can be drawn from the knowledge on standard free energy of formation of the substances involved in the corrosion reactions. Fig. 1 shows the phase stability diagram of titanium subjected to multi-oxidant attack by oxygen and iodine at 500K, drawn by using thermochemical data listed in Table 1 . As iodides and some of oxides are volatile, the vapor pressures of the phases must be considered. Fig. 1 are drawn under the assumption that vapor pressures of volatile products are 10-4 atm*1. Thus, Fig. 1 tells us that vapor of TiI4 with vapor pressure equal to or larger than 10-4 atm are formed in the environment of rather high pressure of iodine and not so high pressure of oxygen and that we cannot expect corrosion resistivity of titanium in this environment. But, in order to discuss quantitatively using this diagram, we must know the equilibrium partial pressures of iodine and oxygen of the given environment.
In a multi-component gas environment, such as the one present in the Mg-I cycle, the gas equilibria of reactions (1) and (2)*2 interact with each other, and, in order to know the equilibrium pressures of the gases, we must solve a set of non-linear algebraic equations, which is somewhat a cumbersome. work.
H2+1/2O2==H2O
(1)
3. Calculation procedure of Gurry Diagram
In order to save the tiresome work to solve the set of equations in each case wherever the gas compositions are changed, the idea of graphicall representation of partial pressures with the axes of atomic fraction of elements was devised by Gurry6) and introduced by Noda et al. 7) into the field of corrosion investigation. Application of their method to our system is thought to be useful, so we tried to draw Gurry diagram of the atmosphere composed of iodine, oxygen, and hydrogen (I-O-H system).
Assuming that the reactions among gases attain to equilibrium and gas consumption by corrosion reactions is negligible, there exists the equilibrium relationship among partial pressures of the gases corresponding to the reactions (1) and (2): where K1 and K2 are equilibrium constants, and PH2O, PH2, PO2, PI2, and PHI are equilibrium partial pressures of water vapor, hydrogen, oxygen, iodine and hydrogen iodide, respectively. If the mole number of i-th component in equilibrium state are represented by N2, the gram atoms of oxygen, hydrogen, and iodine (denoted by O, H, and I) are given by Eq. (9) in Eqs. (5), (6), (7), and (8) yields the relations are follows:
The equilibrium pressures of each gas, corresponding to various values of (O/S) and (I/S), are gained as the solutions of the set of non-linear equations (3), (4), (14), (15), and (16). PT=PHIO+PH2+PO2+PI2+PHI
Calculation was carried out numerically, but we did not use the method commonly known as Newton-Raphson iterative method for multivariables, because equilibrium constant K1 has very large (more than 1010) value and loss of significant digits prevented the series of trial solutions from converging reasonably unless the initial pressure approximations were selected faborably. The method we adopted was "regula falsi" and the outline of flow chart is shown in Fig. 2 Iteration of this procedure contracts the probable region of "true" PH2, which yields the results of PT'=PT. When |PT'-PT|/PT was less than 10-4, the iteration was concluded and the values of (O/S) and (I/S) were calculated. By selecting PO2 and PI2 systematically in the step (i), Gurry diagram could be easily drawn for several parameters.
As for parameters to draw Gurry diagram, we selected (PI22/PO2) and (PI2/PO2) as well as PO2 and. PI2, because the following reactions*3 are also important in the corrosion of metal attacked by iodine and oxygen.
MeI2x+(x/2)O2=MeOx+xI2,
In the reactions where oxides of the type of Me2O3. or Me3O4 are involved, the parameter of (PI24/3/PO2) or (PI23/2/PO2) are also important, but as the shape of the diagrams using these parameters can be imagined from the diagrams of above parameters, the results are not shown in this paper.
The temperature selected in the calculation were 500K, 700K, and 900K, which are considered to be operating temperatures of Mg-I cycle. Total pressure (PT) was 1 atm. The values of K1 and K2 are 7.69x1022 and 0.0881 at 500K, 3.83x1015 and 0.132 at 700K, and 3.15x1011 and 0.185 at 900K, respectively, which are obtained from standard free energy of formation8) of water vapor and hydrogen iodide. (3), (4), (14), (15) and (16). *3 The former reaction represents the case where the valence of the metal in the iodide is the same as in the oxide, such as the reactions between NiI2/NiO, CrI3/Cr2O3, TiI4/TiO2, and TaI5/Ta2O3. The latter reaction corresponds to the case where the valence of the metal in the oxide is twice as large as in the iodide, suchh as the reaction between CuI/CuO.
Results and Discussion
Gurry diagrams for I-O-H at 500K gained by the method in the previous section are shown in Figs. 3, 4 , 5, and 6 with the parameters of Pot, F12, PI22/PO2, and FI2/FO2, respectively. Broken lines in these diagrams are given by the following relation, and correspond to the atmospheres which are mainly composed of I2 and H2O and contain very little amount of HI, H2, and O2. In the vicinity of this line, the value of Pot are remarkably affected with increase or decrease in (O/S) ratio. This is attributed to the large value of K1, and is similar to the phenomena observed in the neutralization titration in analytical chemistry, where the value of pH changes abruptly near the equivalent point with the addition of a little amount of acid or alkali because of large value (1014) of equilibrium constant of the following reaction, H++OH-=H2O.
Therefore, care must be taken of contamination by oxygen in the experiment in the atmosphere near this line.
The shape of diagrams at 700K and 900K are nearly the same as those at 500K, though the values of the parameters are different, so the diagrams at 700K and 900K are omitted in this paper.
By overlapping these figures and the phase stability diagrams of metals calculated from standard free energy of formation of metal oxides and metal iodides, we can predict the most stable phase in a given gas composition, as is shown (1) to (2) in Fig. 7(a) are presented on the Gurry diagram as shown in Fig. 7(b)*4) .
As the values of (O/S) and (I/S) mean atomic ratios of oxygen and iodine in the environment, respectively, they are kept unchanged in the procession of the reactions anomg gases and we can calculate them from the initial composition of the mixed gas. We can, therefore, easily predict what is the most stable phase thermodynamically by using Fig. 7(b) from the initial composition of gas mixture without solving a set of equations. Cul is stable in the region of (IS)<(-3)x(O/S)+ 1.0) and CuO is stable in the region of (I/S<(-3) x(O/S)+1.0). Needless to say, there exist the regions where Cu or Cu2O is stable, but they fall on a part of (0/S) axis or the point of (0/S, I/S)= (0.333, 0) in this figure.
Calculations were also carried out for iron, nickel, chromium, titanium, zirconium, tantalum and silver, using thermochemical data of iodides and oxides5> , 8) • Assumed substances involved in corrosion reactions are listed in Table 2 . Vapor pressures of product phases are assumed to be 10-4 atm. The results are shown in Fig. 8 . Some of phases, such as Cu, Cu2O, Ti, TiO, Ti2O3, TiI2 etc. are not present in Fig. 8 because their stable regions fall on an axis or a point in the Gurry diagrams. The atmospheres where reactions of Mg-I cycle are considered to proceed are also shown in Fig. 8 by the regions enclosed by dotted curves.
As for almost all the metals studied in this paper except for silver, oxides are stable in the environment of the 2nd reaction environment of Mg-I cycle. Oxides of the highest valence of titanium, zirconium, and tantalum are also stable in the environments of the 3rd and 4th reactions. With regard to iron, nickel and chromium, which are main elements of ferrous materials, oxides are not stable in the region of small (O/S) region, i. e. low oxygen activity, and corrosion resistivity of ferrous materials may not be anticipated in an atmosphere of high hydrogen content.
It is needless to say that there are limitations for thermodynamic treatment of corrosion, as described below:
(1) Reactions among gaseous moleculars may not be so fast as to overcome therate of gas supply. (2) Metal-gas reactions may not have attained to equilibrium. (3) There exists the gradient of the activities of iodine and oxygen across the scale and the ratios of (PI22/PO2) or (PI2/PO2) in the scale may be different from those of scale surface. In spite of these limitations, experimental corrosion products shown in Table 31 ),2),3) are in agreement with thermodynamic prediction mentioned above except for iron and nickel.
Conclusion
Equilibrium pressures of iodine and oxygen in multi-component gas composed of hydrogen, iodine, oxygen, water vapor, and hydrogen iodide at 500K, 700K and 900K were calculated and graphically presented by using Gurry diagram with the parameters of FO2, FI2, PI22/PO2, and FI2/FO2. By referring to the phase stability diagrams of 
